ABSTRACT Quality of the observations, which is significantly affected by cycle slips, is a key factor affecting the positioning results in the high precision positioning. Traditional observation data error detection algorithms always miss some special data error combinations, which is also called the ''blind detection spots'' problem. For solving the problem, a complementary symmetric geometry-free (CSGF) method is proposed, which makes the detection of cycle slips more comprehensive and accurate. However, when the observation sampling interval becomes larger, the channel state cannot be seen as a constant which reduces the successful detection probability of the cycle slips. Then, a CSGF second-order differential model is further proposed to deal with this problem. The experimental results show that the proposed model significantly improves the accuracy of cycle slip detection even with long sampling interval. The results also indicate that the accuracy and convergence speed of the positioning solution are significantly improved than other schemes.
I. INTRODUCTION
Nowadays, GNSS-based (Global Navigation Satellite System based) positioning technology has been widely applied to many fields [1] - [4] . As the traditional Standard Positioning Service (SPS) cannot provide sub-meter level positioning, the Precise Point Positioning (PPP) [5] - [9] , and the Realtime Kinematic (RTK) [10] - [12] have become the two main forms of modern precise positioning. By using the positioning information of the base station, RTK utilizes the phase observations of two receivers in real time with differential processing method to perform a positioning solution with the high positioning accuracy. Different from RTK technology, PPP takes the advantage of the carrier phase observation for positioning solution which can achieve highly precise positioning without positioning base station. Consequently, RTK and PPP have been widely used in many fields, such as crustal monitoring, meteorological monitoring, setting out for buildings, and etc.
However, as the external factors (such as the imperfect transmission channels, excessive signal attenuation, signal multipath, etc.) and the internal factors (such as the internal noise, hardware failure, etc.), there are often cycle slips in the observations, which lead to wrong or inaccurate positioning results [13] - [15] . These cycle slips damage the continuity of the carrier/pseudorange phase in the tracking process which may cause several centimeters error and reduce the convergence speed of the parameter estimation [16] . In order to improve the quality of the observations, it is vital to perform the cycle slip detection and elimination on the original observations before positioning solution.
There are many cycle slip processing methods in high precision positioning, such as the TurboEdit (TE) algorithm, the Ionosphere Residual (IR) algorithm, the MelbourneWubbena (MW) algorithm, the wavelet transform method, the polynomial fitting, etc. The TE algorithm jointly uses the geometry-free combination and widelane combination to deal with the cycle slips. Zangeneh-Nejad et al. [17] utilized the TE algorithm to detect small cycle slips, which improves the GPS positioning performance of single-frequency carrier phase. Based on the BeiDou system, Ju et al. [18] optimized the threshold calculating algorithm for the geometry-free combination in TE algorithm. The IR algorithm utilizes the combined observations to eliminate the effects of geometric distance change between the receiver and the satellite, which makes integer cycle slips easy to be detected and modified. Krypiak-Gregorczyk and Wielgosz [19] improved the precision of geometry-free observation of IR algorithm with ionospheric total electron contents (TEC) modeling, to make the performance on cycle slip detection more accurate. Yi et al. [20] proposed a real time cycle slip detection and repair method, which jointly used the IR algorithm and WL (1, −1) combined observations. The MW algorithm utilizes the wide-line observations to detect cycle slips [21] . But its detection of cycle slips is limited due to the low accurate dual-frequency pseudorange observations. Cai et al. [22] developed a new approach for cycle slip detection under high ionospheric activity, which applied the MW linear combination on the Forward and Backward Moving Window Averaging (FBMWA) algorithm. Ting et al. [23] proposed an adaptive detection and modification algorithm, which utilized wavelet transform and inverse wavelet transform to eliminate cycle slips. They transform the original observations into the wavelet sequence to detect the cycle slips by the singularity of special points. Liu et al. [24] utilized polynomial fitting to optimize the Ionosphere-free combination model and jointly used ionospheric TEC to improve cycle slip detection accuracy. Chang et al. [25] used the Kalman Filter to aid the cycle slip repair of the GNSS triple-frequency signals. Besides, the singular value decomposition (SVD) method [26] and the Bayesian based algorithms [27] are employed to detect the observations in high precision positioning as well.
But these algorithms are usually not sensitive to some special cycle slip combinations, which is also called ''blind detection spots'' problem. Besides, when the sampling interval of the observation data becomes larger (e.g., larger than 10s), the detection and repairing error will be dozens of cycles, which is unacceptable. The above problems limit the application of the high precision positioning.
In this paper, we propose a Complementary Symmetric Geometry-free with Second-order Differential (CSGF-SD) model to tackle the aforementioned problems, which makes the detection and modification of cycle slips more accurate and comprehensive. The main contributions of this paper are: 1) We propose a Complementary Symmetric Geometryfree (CSGF) model which utilizes the symmetrygeometry-free observations to handle the cycle slip combinations that the traditional models are not sensitive to. The CSGF model gives a new solution to the ''blind detection spots'' problem, which makes the detection of cycle slips more accurate. 2) The CSGF-SD model is further proposed based on CSGF method. It utilizes the second-order differential processing to make cycle slips in observations easier to be detected, and significantly improves the detection accuracy of cycle slips even with a long sampling interval. 3) In order to evaluate the performance of the proposed CSGF-SD model, a series of experiments are performed. The results show that the CSGF-SD model can detect cycle slips of 2 cycles or less without blind detection spot, and repair the errors with the bias of 1 cycle or less even when the sampling interval is long enough.
The paper is organized as follows: Section II gives the system model of this paper. Section III proposes the CSGF method which reduces the ''blind detection spots'' problem significantly. Then, the CSGF-SD model is further proposed in Section IV. In the Section V, experiments are designed to evaluate the performance of the proposed CSGF-SD model. Section VI gives the conclusions of this paper.
Symbols frequently used in this paper are listed in Table 1 . 
II. SYSTEM MODEL
In the GNSS receiver, the original observations are measured by the tracking loop. Besides the code pseudorange, carrier phase is used to estimate the distance between the satellite and the receiver as well. The observations are [28] :
When the receiver collects observations from four or more visible satellites, the observations can be used to perform positioning solution. Without any loss of generality, we only consider one set of observations between satellite s and receiver k. For the convenience of model analysis, according to the frequency dependence, the items could be rearranged. As frequency-independent items, the δt k , δt s , and P s k can be merged into ρ s k , and they will be simplified into ρ. The ionospheric delay I s k,i is decomposed into the ratio of frequency independent terms to the frequency. Therefore, (1)-(4) are simplified to:
III. THE CYCLE SLIP DETECTION METHOD
In this section, we firstly give a brief introduction of the Geometry-free (GF) model in IR algorithm, which is usually used in detection of cycle slips. Then, we propose a Complementary Symmetric Geometry-free (CSGF) method to solve the ''blind detection spot'' problem of GF model.
A. IONOSPHERE RESIDUAL ALGORITHM
The IR algorithm based on the dual-frequency carrier phase mainly detects and repairs cycle slips by calculating the difference in carrier phases at single epoch [19] , [29] . It reduces the orbit error, satellite/receiver clock error, tropospheric delay, and other errors by eliminating the spatial distance between the receiver and the satellite. The GF model of the IR algorithm is as follows [20] :
After replacing λ 1 ϕ 1 and λ 2 ϕ 2 in (9) with (6) and (8), we have:
Assuming that the data sampling interval is small enough, then we have:
When the measurement error ε GF is small, according to (11) and (12), the differences in L GF can be obtained by:
When there is no cycle slip (i.e. N 1 = 0, N 2 = 0), considering ε GF and C 0 , L GF should fluctuate around the zero as:
Notice that, if N 1 / N 2 is extremely close to λ 2 /λ 1 , the conclusion of (14) is also satisfied. Then, the cycle slip detection is prone to a failure, which is also called ''blind detection spots'' problem.
The performance of GF model is limited by the sampling interval of observations as well. When the sampling interval becomes larger, the processing accuracy of GF model is severely reduced [19] . These defects limit the application of the GF model. 
B. THE PROPOSED CSGF METHOD
When the GF combined observations are zeros, the linear relationship between N 1 and N 2 is shown in Fig.1 (the solid line). Meanwhile, the solid line also represents the blind detection spots of the GF model. In order to solve this problem, we need another model to compensate the drawback of GF model. With eliminating the ionospheric delay, we introduce a Symmetric Geometry-free (SGF) procedure (the asterisk line), which is symmetric with the GF model for N 1 = N 2 (the dotted line) as Fig.1 shows. Then, the SGF procedure is modeled as:
By taking (6) and (8) into (15), we have:
where
Then the difference of L SGF between epochs is: (17) where
On the other hand, according to (15) and (16), let us define the combined observation L * SGF as:
where ε * SGF = ε l − ε p and ε p = ε p,1
Notice that although the measurement noise of carrier phase combination ε l is often small enough, L * SGF has a large measurement error as the low accurate pseudorange measurements (i.e. ε p,1 and ε p,2 ), which often leads to a failure detection of small cycle slips. On the other hand, if the pseudorange combination in (18) is totally removed, changes in geometric distance between epochs will mask the small cycle slips as well (see (17) ). Therefore, we need to fuse the pseudorange combination to make a balance between reducing the measurement noise and the changes in geometric distance as:
represents the equivalent observation noise under the assumption that the variances of measurement noises are the same for different frequencies and epochs. And
represents the equivalent process noise. Then, we have: (24) In this way, the measurement noise and and the changes in geometric distance of L SGF can be effectively reduced.
In the CSGF model, GF model and SGF model are jointly used for cycle slip detection. When the cycle slip combinations that N 1 / N 2 is close to λ 2 /λ 1 , the cycle slip detection of GF model is prone to a failure. However, according to (24) , SGF procedure can effectively detect these cycle slip combinations, which means SGF procedure has a ''complementary effect'' on blind detection spots of GF model. The detailed process of the CSGF method is as following four steps.
1) CALCULATING COMBINED OBSERVATION
The observations of the SGF and the GF model in the adjacent epochs are combined firstly. Where the combined observations of the GF model are calculated by (10) . Notice that the recursive functions of the combined ambiguity N SGF are used to filtering the high frequency errors as:
where N SGF and σ 2 are the mean and variance of the SGF observations, respectively.
2) PRE-DETECTION PROCESS
Perform the data error pre-detection by using the SGF model. Cycle slips are detected by the difference between N SGF (i) and N SGF (i − 1) as well as the difference between N SGF (i) and N SGF (i + 1). If (27) and (28) are satisfied, it is determined that there is a cycle slip between the (i − 1) th and the i th epoch.
If otherwise, it is determined that there is no cycle slip in the current epoch.
The coefficient α SGF and threshold V SGF are used for the detection and distinguishing of cycle slips and gross errors. They are determined by the elevation mask angle and the observation sampling interval according to the actual positioning applications [22] .
3) FINAL DETECTION PROCESS
If no cycle slip is discovered in the pre-detection step, the final detection will be performed according to (13) and (14) . If (29) and (30) are satisfied, it is determined that there is a cycle slip between the i th and the (i − 1) th epoch.
If otherwise, it is determined that there is no cycle slip in the current epoch, and the data error detection for the next epoch should be performed. Then, repeat the 1-3 steps until the final epoch.
4) MODIFYING CYCLE SLIPS
If cycle slip is detected in the above operations, the observation errors should be compensated for accurate positioning. Then, N SGF and L GF need to be determined. According to (24), we have:
By taking (13) into (31), we have the cycle slips as:
If there are consecutive cycle slips, the observations between these cycle slips can be repaired by the polynomial fitting method [24] . The procedures of the proposed CSGF model are shown in Algorithm 1.
Algorithm 1 The Cycle Slips Detection and Repair Method by CSGF Model
Input: The original observations. Output: The modified observation errors. 1 for time slot i = 2, 3, . . . do 2 Calculate the combined observation of the GF model:
Calculate the combined ambiguity of SGF model:
Filtering the mean and variance of the SGF observation: (30) and (31) 
IV. IMPROVING PROCESSING ACCURACY WITH THE LONG SAMPLING INTERVAL
There are still many types of satellite positioning receivers with large sampling intervals which are usually larger than 10s, especially for some long-term static monitoring environments, such as the terrain monitoring, the dam deformation monitoring and so on. Notice that when the sampling interval is large, the SGF model will be greatly affected by the geometric distance residual as (24) shows.
Consequently, the detection accuracy of the CSGF model will be seriously reduced as Fig. 2 shows.
Notice that the sampling interval is assumed to be small enough in the above analysis. However, when the observation sampling interval is long enough, the difference of the ''clean'' combined observations between epochs will grow as Fig. 2 shows (The partial enlargement of the dotted line). In this case, small cycle slips within a range of dozens of cycles are masked by the observation measurement errors. Then, the accuracy of detection of cycle slips will be seriously reduced. Similarly, the detection accuracy in the SGF model can be reduced mainly because of ionospheric delays (as in partial enlargement of the solid line, in Fig. 2) .
To solve this problem, a CSGF Second-order Differential (CSGF-SD) model is proposed. According to Fig. 2 , the overall trend of the observation changes between epochs is smooth. After fitting the observations, it is found that the fit between the signal and the quadratic function is high, indicating that the most of errors in observations are first-order and second-order errors. Therefore, it is feasible to eliminate cycle slips by the second-order differential processing as:
Specifically, the second order differential forms of the CSGF model are as follows:
Then the combined second-order differential observations of CSGF model are as Fig. 3 shows. From Fig. 3 , it is clear that the data fluctuations have been effectively eliminated. For the SGF model (the dotted line), the observation difference between epochs is suppressed within 1 cycle and can be used to detect the cycle slip accurately.
After the second-order differential processing on the observations, the error pattern of the cycle slip has changed: The error pattern of the cycle slip in the CSGF model changes from the step function to the bimodal function with a positive peak and a negative peak. The specific error patterns are shown in Fig. 4 .
Assuming the current epoch is the i th , with the (i + 2) th combined observation, (28) and (30) become (37) and (38) to detect the cycle slip.
V. PERFORMANCE EVALUTION
In this section, the detection and repair accuracy of the CSGF-SD model for cycle slips will be evaluated by a series experiments.
A. PERFORMANCE OF THE CYCLE SLIP DETECTION ALGORITHM
In this subsection, the proposed CSGF-SD model is compared with the GF model [19] and TE model [17] . The observations are obtained by RINEX observation files [30] from the IGS's official website (URL: ftp://igs.gnsswhu.cn/ pub/gps/data/). In order to evaluate the performance of cycle slip detection under different observation quality, we did the experiment base on observations from 5 IGS stations (i.e. stations: ALRT, BADE, BHR3, CEBR, and CHIP) from March 1st to 5th, 2018. In each station, two of the visible satellites are randomly selected to obtain dual-frequency observations without losing pseudorange or carrier phase. The experiment is performed for the cycle slip combinations with the N 1 − N 2 range of [0, 9]×[0, 9] and [10, 19] × [10, 19] , which are prone areas for detecting blind spots. Table 2 shows the comparison of the missed detection amount and rate between different model. It is clear that both of the missed detection amount and missed detection rate of CSGF-SD model are significantly less than those of GF and TE models. Furthermore, both of the missed detection amount and missed detection rate of CSGF-SD model are over 50% less than those of TE model. Table 3 shows the comparison of the false alarms amount and rate between different models. It can be seen that the false alarm of CSGF-SD model is nearly the same as (slightly larger than) the GF model. In the CSGF model, we can get the false alarm rate of the whole CSGF model R fa,CSGF :
where R fa,CSGF , R fa,GF , and R fa,SGF represent the false alarm rate of CSGF model, GF model, and SGF model, respectively. According to (39), after the two detection of GF model and SGF model, the false alarm rate of the CSGF model is slightly higher than that of the GF model. But the high precision of the SGF model makes this growth very small, and ensures that the CSGF's false alarm rate remains within an acceptable range.
Detailed comparisons can be found in Fig.5-Fig.10 . In these 3D surface graphs, we can evaluate the cycle slip detection performance of the three models based on the number and degree of depression spots on the flat detection plane. Compared to the GF model and TE model, the number of depression spots in the CSGF-SD model is significantly reduced for cycle slips of 2 cycles or more, and the depression degree is effectively improved. From Fig.6 , we can see that though the TE model can detect cycle slips of 5 cycles or more, it can't handle smaller cycle slips, while the CSGF-SD model can narrow this range to 2 cycles.
Moreover, with the increase of cycle slips, the number of depression spots and their depression degree in the GF model are almost unchanged for blind detection spots. And it is even a little worse in the area [10, 19] × [10, 19] . While the number of depression spots and their depression degree in CSGF-SD model is gradually decreasing. Meanwhile, the attenuation speed of CSGF-SD model is faster than that of TE model, which means the compensation effect of the SGF model to the GF model is better than that of the MW model to the GF model. Another experiment was done to demonstrate the performance improvement of the proposed CSGD-SD model. The observations come from the CEBR station's public observation information on March 1st, 2018, related to the G08 satellite. The sampling interval is 30s. Besides GF model, we further compare the results of the TE model as well. The experiment results of the above three algorithms are shown in Table 4 , 5 and 6, respectively.
From Table 4 , it can be seen that, when the cycle slips that N 1 / N 2 is extremely close to λ 2 /λ 1 ([5 4] , [9 7] , and [15 12] in Table 4 ), it fails to detect the cycle slips by GF model. From Table 5 , it can be seen that the cycle slips of 3 cycles or more can be detected correctly by the TE model. However, the detection of the cycle slips which are less than 3 cycles are failed. Besides, on the blind detection spots of the GF model, it fails to detect the cycle slips with [6 5] or less by TE model.
For the proposed CSGF-SD model, it is clear that all of the cycle slips have been detected correctly without ''detect blind spots'' as Table 6 shows. The usage of ''second-order differential processing'' method improves the cycle slip detection accuracy, and even under the long sampling interval. Cycle slip processing with accuracy of the ''small cycle slip'' can also be achieved. It also can be seen from the results in Table 6 that the cycle slips of 2 cycles or more can be detected, and it can repair data errors with the accuracy of less than 1 cycles error.
From the above experiments, it can be seen that the CSGF-SD model can detect cycle slip of 2 cycles and more. Meanwhile, the cycle slips can be repaired with the accuracy of less than 1 cycle error. And the CSGF-SD model can more effectively detect the blind detection spots of GF model than TE model, which makes the cycle slip processing more accurate and more comprehensive.
B. LOCALIZATION PERFORMANCE
To further evaluate the performance of the proposed CSGF-SD model, we did a number of localization experiments by using RTKLIB [31] which provides the graphical user interface (GUI) and command-line interface (CUI) Aps for easy use.
In the experiment, satellite positioning in a static session (the configuration option is PPP-static) is performed. Then, the Kalman filter is used to solve the positioning solution by the original and processed observations [16] . The experiment satisfies the following settings:
1) The observations are collected from the AREG station from 9:00 to 21:00 on March 1, 2018; 2) The exact coordinate of the station is obtained from the station information published by the IGS; 3) The observations adopt the ionosphere-free model; 4) The tropospheric delay adopts parameter estimation method; 5) The ionospheric delays are eliminated by the ionosphere-free model; 6) The minimum satellite elevation angle is 15ř; 7) The precise ephemeris is used; 8) The clock errors are provided by IGS; 9) The data error processing function of RTKLIB is turned off. Table 7 , we observe that the RMSEs in longitude, latitude and height of CSGF-SD model are 87.02%, 22.33% and 44.88% smaller than those of GF model, respectively. Detailed positioning results could be found in Fig. 13-Fig. 15 . It is clear that the proposed CSGF-SD model has a shorter convergence time in each direction. Moreover, the GF model fails to detect the cycle slips since 19:00 which leads to a positioning divergence in each direction (as in the parts of the dotted rectangles). While the positioning results of the CSGF-SD model is not affected thank to the correct detection and elimination of the cycle slips.
VI. CONCLUSION
In this paper, a Complementary Symmetric Geometryfree (CSGF) model is proposed to improve the detection accuracy of cycle slips in high precision positioning. To improve the detection accuracy of cycle slips with a long sampling interval, a CSGF Second-order Differential model (CSGF-SD) is further proposed. Based on the proposed model, a cycle slip processing system is established. The experiment results show that the proposed CSGF-SD model significantly improves the performance of the cycle slip detection than other schemes even with long sampling interval. Specifically, the missed detection rate of the CSGF-SD model is much smaller than other models. Consequently, higher positioning accuracy and faster convergence speed are obtained by using the CSGF-SD model in high precision positioning which gives a well prospect to real implement. 
